. Much of the difficulty to achieve the desirable clinical translation may stem from lack of reproducibility and from biases in the early stages of the translational pipeline 3, 4 . Lack of reproducibility does not necessarily mean that research done in these fields is flawed. It may herald genuine heterogeneity in biological and experimental systems 5, 6 that is poorly controlled or not well understood. It may also point to the presence of biases that are identifiable and correctable preemptively. Biases may pertain to how single studies are designed, reported and disseminated, or used for building future work. In this Perspective, we define criteria for designing preclinical studies that minimize bias and maximize reproducibility, with a focus on studies in the active and promising disciplines of nanomedicine and cell therapy. We also discuss the potential sources of genuine heterogeneity and bias that arise in typical experimental studies in these two disciplines, and how to handle these to improve the prospects of clinical translation. Because we examine the issues side-by-side, we hope that the lessons learnt can be extrapolated to other fields in biomedicine and biomedical engineering.
Biases and lack of reproducibility
Several empirical studies have evaluated problems of reproducibility and the presence of major biases in diverse types of preclinical research [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . One approach is the conduct of reproducibility checks, where investigators try to repeat previously published experimental studies, following as closely as possible the methods, materials, procedures and analyses used in the original study. This typically involves communication with the original investigators to clarify how exactly to design and execute the experiments, and feedback ensures that the reproducibility check is a close replica of the original. Nevertheless, the level of involvement and prior endorsement of the original investigators can vary. This leaves room for debate when results are not reproduced 7, 8 . For some early reproducibility checks, full data have not been made available 9, 10 ; yet those that are ongoing, especially in cancer biology 11 , are more transparent, providing thorough protocols and statements of data availability, and even making use of pre-registration 7, 11 . Even then, results that can't be reproduced can create debate and emotional reactions. Allowing for these caveats, reproducibility checks in preclinical biomedical research have yielded very low rates of successful replication. For example, only 20-25% of the 67 preclinical studies in general biology that were being considered for translational efforts in oncology (47 of them), or in applications in women's health (12 studies) and cardiovascular disease (8 studies), could be reproduced 9 . Typically, inconsistencies between published data and in-house data resulted in termination of the projects because of halted investment (in this case, from industry). Similarly, only 11% (6 of 53) of oncology drugtarget studies published by academic investigators could be reproduced 10 . Moreover, the first released results of the Reproducibility: Cancer Biology project 8, 11 have shown that among the first five highly cited studies assessed only two could be reproduced as originally planned. To date, reproducibility checks are available in relatively small numbers, and they cover some selected fields of preclinical research, with oncology having the lion's share, and research in cardiovascular and neurological diseases having smaller numbers of attempts. There is different sensitization across preclinical How to design preclinical studies in nanomedicine and cell therapy to maximize the prospects of clinical translation disciplines about the need to probe the status quo of the reproducibility of highly influential research.
There is far more evidence that indirectly suggests that reproducibility in preclinical research may be low because of the high prevalence of biases and of suboptimal research practices 12 . Several evaluations have shown that most preclinical studies are too small, which increases the chances of false-negative and false-positive results and of exaggerated conclusions. For example, in neuroscience, even with lenient assumptions, the average power of an experiment is about 20% 13, 14 . Although most animal experiments in the context of neurological diseases find significant results, very few of these materialize in human applications 15 . Some pivotal aspects of study design, such as randomization and the blinding of investigators who analyse the results of animal experiments, are used in less than 20% of studies [16] [17] [18] , even though they are easy to adopt and are indispensable in order to reduce experimenter bias. The use of statistical methods has been demonstrated to be suboptimal in some fields. Major threats that have high prevalence include the misuse and misinterpretation of null-hypothesis testing methods 19, 20 , the over-reliance on P values with lenient thresholds (such as P < 0.05) 21 , P-hacking 22, 23 (where investigators perform multiple analyses sequentially, for example by adding more samples or excluding some potential outliers until the desired thresholds of statistical significance are achieved), and insufficient consideration of the multiplicity involved in statistical analyses (many fundamental and preclinical experiments involve concurrent testing of multiple hypotheses). These deficiencies are not the result of fraud, which is rare in science at large, but reflect questionable and detrimental research practices, which most researchers unfortunately adopt 24 . The use of questionable and detrimental research practices is probably caused by the lack of sufficient methodological and statistical expertise, and can be affected by the expectation and pressure to deliver significant results. Substandard practices that are overspread create a vicious circle, because currently published work refers to previously published studies to justify the perpetuation of such practices: for example, a small sample size or the absence of adjustment for multiplicity is justified on the basis of small sample sizes and the lack of adjustment for multiplicity in previous studies in the field.
Empirical studies of biases have been performed across disciplines. It is however difficult to compare notes between different empirical studies and conclude that one field of preclinical research employs better research practices than another. Nevertheless, the challenges seem to be widespread and pervasive enough to warrant immediate and careful attention. Various calculations estimate that tens of billions of US dollars are wasted annually owing to lack of reproducibility in preclinical research 25, 26 .
Strategies to minimize bias and to facilitate reproducibility
In preclinical research, it is essential that the design of a study includes sample-size calculations to ensure the adequate power to detect what might be considered to be effect sizes for the intervention that would warrant optimism in further clinical testing, proper randomization (for experimental work), the blinding of the investigators who read outcomes of experiments so as to obviate experimenter bias, the use of appropriate positive and negative controls, pre-specified criteria for any data exclusions to avoid post-hoc exclusion of samples and data points, the use of suitable statistical tests, with full consideration of the multiplicity of the analyses that are expected to be performed, and the avoidance of P-hacking. Ideally, all of these considerations can be pre-specified and even registered ahead of performing the experiments, thus enhancing trust in the ensuing results. Nevertheless, sometimes not all studydesign features may be possible to pre-specify. This may be far more common in exploratory or discovery-driven research than in late preclinical research, when the goals of the experiments can be predetermined more clearly. It is thus essential to be transparent about which aspects of the study and analyses are exploratory and which are pre-specified 27 . Exploratory studies and analyses should be seen as hypothesis-generating, and the findings would require explicit confirmation in rigorous, hypothesis-testing evaluations.
Depending on the type of experimental system, standardization and verification of the key materials used (such as cell types or specimens) is indispensable to minimize noise and errors 28 . Careful thinking should go into capturing and removing known sources of biological heterogeneity by standardizing experiments for these factors. Often, there may be many different pathways of experimentation in different models. Priority should be given to models that come as close as possible to human applications in terms of relevance, and to capturing more closely the disease mechanisms. When several models are available for testing, their results can be compared, as they offer some sort of conceptual replication. Consistent results in different, independent models strengthen the evidence. However, for pivotal results that are considered influential in the decision to move a technology to clinical experimentation in humans, it is essential to also replicate the results of each pivotal model independently in new samples or animals, and ideally by independent investigators.
Collaboration between investigators can increase both the credibility and trust of the research and its translational potential. Joining efforts from specialists in different disciplines may promote out-ofthe-box interdisciplinary approaches. Furthermore, for investigators who do similar work (for example, on similar animal models), collaborative multi-site studies 29 may allow for the optimization of power and for the evaluation of the consistency of results across multiple laboratories. Results that show consistent promise across several laboratories may have better chances of success in further translational efforts. Moreover, comparing notes when results from different laboratories diverge can reveal potential sources of heterogeneity and lead to the design of future experiments that account for such heterogeneity.
Design options and statistical options are becoming increasingly complex for some types of experiment. Therefore, it is essential that either the experimenters have sufficient training in the methods that they use, or that an expert who is experienced in the employed methodologies is included in the research team as early as possible (when the study is being designed, and certainly before actual experiments are run). This may spare embarrassments and wasted effort and resources. Given that methods evolve and need to be adapted to new measurement tools and increasingly complex technologies, investigators require continuing methodological education. Statistical choices need to consider whether the question of interest is suitably answered with null-hypothesis significance testing or by other approaches, such as Bayesian 30 or false-discovery-rate 31 methods. Also, they need to account properly for any multiplicity involved in the testing and for the correlation structure (lack of independence) between multiple hypotheses. Given how frequently P-values are misinterpreted 32, 33 , it would be best to shift attention away from them and towards more meaningful alternatives that present the magnitude of the effects, their uncertainty, and how big the risk of false positives is 34, 35 . Sharing of data, protocols, materials, software and code enhances the trust in the research and its results, and allows other scientists to use these resources in further experiments, to verify, extend and expand previous work 36, 37 . Therefore, a culture of open sharing is likely to accelerate the translation of successful lines of investigation, may allow picking errors and sources of heterogeneity and bias earlier in the process, and may help abandon non-working options faster.
Besides improved and standardized design and analysis, the reporting of research in scientific publications can also be improved and standardized. The EQUATOR website 38 includes multiple reporting guidance and recommendations for different types of research. For preclinical animal experiments, the ARRIVE 39 guidelines are most relevant, and most journals would benefit from adopting them.
Study registration ahead of study execution may help to improve transparency and to differentiate between unspecified posthoc explorations and pre-specified design and analysis features. Registration can be performed with various levels of pre-specified detail. One thorough option is the registration of full reports, where practically the paper is peer-reviewed and accepted by a journal before the experiments are done on the basis of explicit, detailed descriptions of the proposed design, experiments and analyses. After running the experiments, the proposed tables and figures are then populated according to the pre-specified plan, and the paper is peer-reviewed again and published 40 .
One cannot overstress the importance of having proper incentives and rewards that place emphasis on efficient clinical translation rather than just on publishing nice-looking, statistically significant results. There is always the risk that academic investigators are rewarded mostly for publishing their work in high-impact journals and for attracting funding, rather than for high-quality work, for sharing their resources and obtaining reproducible results, and eventually for delivering discoveries that can be translated into effective human treatments 41, 42 . Because preclinical studies can sometimes be expensive to carry out, it is important to have a clear sense ahead of time, in the early phases of designing an experiment or a series of experiments, of what the cost is expected to be. It is useful also to try to anticipate whether this cost may be higher, and by how much, if different aspects of the experimentation do not proceed as originally planned. This will allow assessing the feasibility of the proposed experiments and ensuring that the experimentation course is likely to be completed. Furthermore, one should consider the complexity of the developed product and try to think from the early steps what approaches might make the desired product simpler yet still effective, and what might the realistic requirements for its synthesis and fabrication be? Making choices between different avenues of experimentation should be guided by the anticipated clinical use of the developed product, technology or intervention. Except for early exploratory science, which should be unconstrained by pre-conceptions, once specific hypotheses and experiments are conceived one should always keep in mind the real clinical need of the new product, technology or intervention.
Each of the approaches discussed in this section, and summarized in Table 1 , may help contain and minimize the threats of bias and lack of reproducibility, and improve clinical translatability. In what follows, we discuss from a biomedical engineering perspective (rather than from fundamental or exploratory standpoints) reproducibility and translatability challenges and solutions that are specific to nanomedicine and cell therapy.
Tackling reproducibility and bias in nanomedicine
Nanomedicine aims to develop therapeutic or diagnostic systems by using synthetic or naturally derived nanomaterials to address biomedical problems related to human diseases. Significant effort has been dedicated to developing nanomedicines for autoimmune and infectious diseases [43] [44] [45] , and the past decade has witnessed an explosion in the development of nanomedicines for cancer therapy and diagnostics (and for theranostics) [46] [47] [48] . Nanomedicine offers unique advantages over conventional approaches, including the versatility of nanoparticle design and the ease of modifying the physical and chemical properties of nanomaterials to achieve a specific function. However, the diversity in the physical, chemical and biological properties of material substrates used for nanomedicines also highlights the potential for significant heterogeneity and for bias, making the generalization of observed phenomena difficult, and limiting the translational potential of discoveries 47, 48 . Figure 1a shows a typical workflow for the development of a complex multifunctional nanomedicine. From the initial step of material synthesis to the preclinical testing of candidate systems in vivo, experimental variations along each developmental stage can contribute to potential biases and reduce reproducibility. Biases may be further amplified during successive steps. Although the versatility of nanomaterial synthesis enables researchers to readily develop nanomedicines with unique physicochemical properties tailored to specific biological applications, it also makes the generalizability of nanomedicine studies difficult. For example, nanomaterial properties such as size, geometry, material composition and surface chemistry can greatly influence the interactions of the nanomaterials with biological systems 49, 50 . Indeed, these properties strongly dictate nanoparticle interactions with proteins and cells, their distribution within tissues, and their clearance by the renal and hepatic systems in vivo. Therefore, many studies that examine nanomedicine behaviour in biological systems apply only to the Complexity of the product Early design considerations in terms of the overall simplicity of the product and of the synthesis and fabrication protocols to make it specific nanomaterial used, with limited generalizability. Hence, if any unknown or uncontrolled variations in the properties of nanomaterials are present, the experimental outcome may differ. Although some heterogeneity across different nanomedicine systems is unavoidable, nanomedicine interventions are often intentionally designed to achieve specific experimental outcomes. Batch-to-batch variability on the other hand, is a direct result of the lack of precision in the synthesis of the nanomaterial. For example, geometric uniformity is a key feature for nanomaterial synthesis. For colloidal nanoparticles, synthetic techniques aim to produce a monodisperse nanoparticle population with a narrow size distribution. However, current methods for nanomaterial synthesis depend predominantly on bulk solution chemistry, which limits the production of highly monodisperse and homogenous nanomaterials on a large scale. Recent advances in synthetic techniques using highprecision fabrication, such as particle replication in non-wetting templates and microfluidic-based reaction chemistry, show promise for the production of more precisely defined microparticles and nanoparticles 51, 52 . These technological advancements now offer protocols for nanomaterial synthesis that are compliant with good manufacturing practice (GMP), thus greatly reducing inter-batch variability and potentially improving the reproducibility of nanomedicine studies.
Beyond the intrinsic heterogeneities of synthetic nanomaterials, a significant degree of diversity also exists in the surface chemistry of nanomaterials designed for biomedical applications. The wide variety of surface-modification techniques enables nanomaterials to be designed and tailored for specific applications, such as the targeting of specific cells or tissues, or the evasion of systemic clearance or of physiological barriers 47 , [53] [54] [55] [56] . However, the diverse selection of nanoparticle-surface modifications also magnifies the issues associated with sample heterogeneity and experimental reproducibility. For example, small variations in the density and distribution patterns of ligands on nanoparticle surfaces can significantly influence the way that nanoparticles interact with biological systems 57, 58 . Variations introduced in the surface chemistry of nanomaterials can be further augmented by differences in the intrinsic properties of the nanomaterial itself to produce a synergistic effect in which changes in both nanomaterial size and ligand density can have a more profound effect on the binding kinetics to specific cell-membrane receptors when compared with changes to only one of these variables 57, 59 . International standards in measuring the material and biological properties of nanoparticles have been established by organizations such as the International Organization for Standardization (ISO) 60 . Similarly, validation studies should be carried out by comparing independent experimental duplicates against reference materials and by measuring the most relevant performance characteristics, including nanomaterial size, material composition and surface charge, and their distribution profiles. This will require the establishment of a large library of reference materials for nanoparticles, such as the libraries available from the National Institute of Standards and Technology (NIST) 61 . Experimental reproducibility can be further improved by standardizing the biological model systems used to study the translational potential of nanomedicines. Earlier studies in cancer nanomedicine, for example, largely rely on in vitro characterization of nanomedicine effects against long-term cultured immortalized human cancer cell lines (Fig. 1b) . Although these cell lines are publicly available from the American Type Culture Collection and from other repositories, there are growing concerns regarding the true identity of many publicly available human-tumour-derived cell lines 62 . Careful validation of cell lines used for nanomedicine studies is thus essential to ensure experimental reproducibility. Further complicating in vitro studies is the lack of standardized culturing conditions. For example, studies using the classic U87MG and U251MG glioma cell lines have shown that when grown in serum-containing medium these glioma cells exhibit transcriptomic deviation from the original tumour from which they were derived 63 . Only cells maintained in serum-free media retain their original tumour-specific phenotype 64 . Therefore, small differences in cell-culturing conditions, such as serum supplementation, passage numbers and cell confluency, may result in different biological effects for the nanomedicine under study. These parameters need to be explicitly reported and properly controlled during experimentation. The variability in in vitro model systems also affects the reproducibility of nanomedicine studies beyond cancer. For example, multiple studies on nanoparticle clearance by the mononuclear phagocytosis system were conducted using immortalized human THP-1 cells (THP-1 is a human monocytic cell line derived from the peripheral blood of an acute monocytic leukaemia patient 65 ). The phagocytic capacity of these human cells may differ significantly from that of murine bone marrow-derived macrophages or of tissue-specific phagocytes such as hepatic Kupffer cells or alveolar macrophages, thus resulting in potential conflicting results under different experimental conditions.
Beyond cell-culture studies, preclinical in vivo experiments using nanomedicines should be carefully designed and the results reported in sufficient detail. A significant degree of experimental heterogeneity exists in the nanomedicine literature, in particular for cancer-nanomedicine studies, owing to the wide range of tumour models used. A large amount of reported cancer-nanomedicine studies rely on the use of human-xenograft tumours, derived from long-term cultured cell lines that are implanted in immune-compromised mice. Variations in the site of tumour inoculation (orthotopic versus ectopic sites), number of passages of the cell line and whether extracellular-matrix materials were used to assist tumour cell implantation, can all affect the biological properties of the tumour and result in different experimental outcomes. In addition, many of the conclusions drawn from xenograft studies in immunecompromised animals are unlikely to be reproducible in syngeneic tumours or in genetically engineered mouse models (Fig. 1c) . The importance of a functional immune system cannot be overstated 48 . Since nanomaterials possess a much higher affinity for interacting with immune cells than do conventional systemic therapies, the use of immune-competent hosts is essential for eventual clinical translatability. As more sophisticated animal models are being employed in nanomedicine studies, the use of patient-derived xenograft (PDX) tumours is also gaining increased interest, as these models closely resemble the disease in patients. Establishing a PDX model is time consuming and expensive, and requires rigorous molecular characterizations. However, the information generated from PDXbased studies can provide highly relevant and valuable evidence to support the clinical translation of the nanomedicine.
Importantly, both the choice of primary outcomes and their measurement require standardization. For nanomedicine studies focusing on drug delivery and tissue-specific targeting, the demonstration of such capabilities is essential. This requires detailed characterization of nanoparticle distributions within the targeted tissues as well as in organs at risk for non-specific accumulation. Although fluorescence labelling or radioisotope labelling have been commonly used to quantify the tissue-specific distribution of nanoparticles in vivo, newer technologies, such as imaging mass spectrometry, enable more powerful and label-free methods for the characterization of the distribution of nanomedicines in tissues 66 . Beyond functional endpoints, therapeutic outcomes for nanomedicine studies also require standardized quantification. Tumour growth, for example, is calculated from caliper measurements of the dimensions of superficial palpable tumours. For deep-seated tumours, size measurements rely on tissue contrast generated by imaging modalities, including computed tomography, magnetic resonance imaging, fluorescence imaging and bioluminescence imaging (Fig. 1d) . Because these techniques rely on tissue contrast to delineate the boundaries between tumour tissue and normal tissue, it is critical to establish proper thresholds to distinguish the signal from background noise. Similarly, calibrations between fluorescence intensity or bioluminescence intensity and tumour-volume measurements should be conducted to adjust for different expression levels of reporter proteins across different tumour models. This is especially the case for tumour cells with low luciferase-transfection efficiency, which results in discordance between the actual tumour size and the bioluminescence-intensity profile in vivo. Moreover, studies involving immune nanomedicines need to account for the potential immunogenicity of the firefly luciferase protein, which may result in murine T-cell-mediated responses, leading to variations in tumour growth 67, 68 . Therefore, the careful selection of the proper study endpoints, the reporter systems and the measurement techniques is crucial to ensure the reproducibility and validity of nanomedicine studies.
Tackling reproducibility and bias in cell therapy
Cell therapies involve the use of large populations of cells selected or manufactured for reconstructive purposes (regenerative medicine), for containment (the control of inflammatory processes or the arrest of degenerative processes) or for targeting pathological infection, or the growth of abnormal cells (such as cancerous cells). There remain numerous challenges for the reliable and reproducible development of cell products 69 . Table 2 summarizes some primary issues, which revolve around the themes of cellcomposition heterogeneity, selection drift of cells cultured in vitro, teratoma formation, cell type and cell-maturity stage, adjunct cell types included in the cell product, manufacturing variance, underpowered efficacy, cell cryopreservation, reference standards and quality-management systems.
Populations of cells are rarely synchronized in their mitotic cell cycle and often include a variety of cell types or subtypes that may be in various stages of maturity or differentiation. Cellular heterogeneity may not be an issue, or a certain level of heterogeneity may be tolerable for therapeutic purposes, provided that safety and some measure of efficacy can be demonstrated in vitro or in animal models of the targeted disease. Microfluidic separation and geneexpression analyses of single cells have shown significant variability, which enables automated partitional clustering of component cells into populations that have significant clinical relevance. For example, this has been demonstrated with bone-marrow-derived mesenchymal stem cells (MSCs) and neural stem cells 70 . Because of the repeated observation of cell-product variation (for instance, individual stem cell lines vary significantly in their ability to differentiate into different lineages 71 , and MSC cell lines exhibit variety in functional properties such as immunomodulatory cytokine expression 72 ), it may be important to analyse cell lines for their expression phenotypes and to select only those in the clustered group that have the desired clinical properties and the specific capacity to influence the targeted disease or injury. Making these choices requires careful experimental design and sound statistical evaluation 70 . For autologous cell therapies, probably more heterogeneity is tolerated because the patient receives their own cells and therefore their body is less likely to mount an immune response against the transplanted cells. There is no regulatory guidance about the degree of acceptable heterogeneity of cells used in cell therapies. An example is the use of MSCs derived from the bone marrow, fat tissue or umbilical cord tissue, or differentiated from pluripotent stem cells. They are all phenotypically different but share common marker antigens 73 . MSCs are not clonally derived and there is usually no attempt to control for heterogeneity in gene expression or in functionality, except when carrying out cell-surface-marker screens or when measuring the cells' adherence to plastic surfaces or other general properties. It is unknown how much cellular heterogeneity contributes to the lack of functional reproducibility of different cell types.
Cultured (or expanded) cells can develop mutations and other genetic errors such as genomic deletions or rearrangements. For pluripotent stem cells-embryonic stem cells (ESCs) or induced pluripotent stem cells (iPSCs)-there appears to be a selection advantage for mutations of some oncogenes, in particular for TP53 and BCOR, which can become fixed in culture 74, 75 . Oncogene mutations need to be screened for, and the mutated cell lines excluded from clinical use. Malignant transformations also happen to other cell types cultured in vitro 76 , so screening for potential oncogene mutations during culture is desirable for all cell-therapy products. Mutations may also affect genes that are critical for the specific functions of the transplanted cells. Pluripotent stem cells may form teratomas in vivo, and need to be differentiated into cell types that are unable to form these precancerous structures. This can be achieved after cell differentiation by selecting against residual pluripotent cell markers 77 . The stage of maturity of cells produced via directed differentiation of stem cells may also add to cellular heterogeneity, and can be critical to the outcome of therapy. In some cases, it is argued that specific functional endpoints (for example, in animal models of Parkinson's disease, the capacity to produce dopamine and to correct a specific function; Fig. 2 ) is desired for therapeutic benefit, whereas others argue that employing a specific stem-cell type would be better. Arguments concerning this have arisen recently in a clinical trial for Parkinson's disease, where parthenogenetic ESCs differentiated into a primitive neural-stem-cell type are considered to involve the wrong cell type 78 . Although there are concerns about the normality of the parthenogenetic origin of these cells, perhaps more importantly, these transplanted neural stem cells are of a fate (PAX6 + dorsal neural) that is unlikely to produce dopaminergic neurons (instead, the PAX6 -ventral midbrain neural floor plate precursor cells usually produce the dopaminergic neurons that are necessary for correcting Parkinson's disease 79 ). Studies using these cells in non-human primates 80 haven't resolved the concerns because the evidence for any behavioural change in the monkeys was ambivalent (some positive change at low doses but not at high doses) and because post-mortem evidence of the co-localization of transplanted-cell markers with dopamine didn't exclude cell fusion, which is not uncommon 81 . A comprehensive study of human iPSC-derived dopamine neuron progenitor cells expressing specific markers of the neural floor plate (CORIN + ; FOXA2 + ; TUJ1 + ; PAX6 -) and transplanted into a monkey model of Parkinson's disease showed stronger evidence of behavioural benefits, of cellular integration of mature dopamine neurons within the putamen, and of extension of their dense neurites into the host striatum, consistent with expectations 82 . Adjunct cell types included in the product Determination of the cells required for adjunct function to optimize the benefit of therapy (note that immune cells for cell therapy typically contain a mixture of cell types).
Manufacturing variance
Ensuring that the manufacturing process is repeatable and that the bioactivity of the product is within the predetermined range for therapeutic benefit.
Underpowered efficacy Demonstration of robust preclinical efficacy in vitro and in animal models (note that efficacy generally decays in human studies because of genetic heterogeneity and patient-response variability).
Cell cryopreservation Minimization of cell death and loss of function (the freezing and thawing of cells can reduce their viability and distort cell type).
Reference standards Expression of data on cell bioactivity and longevity as a fraction or percentage of the agreed reference standards (which are yet to be developed for various cell types used in therapies). Generation of bioequivalence data for different seed banks of cells used in therapies.
Quality-management systems Agreement on a set of standards for quality management and documentation.
Most of the transplanted cells expressed FOXA2 and a third expressed tyrosine hydroxylase consistent with mature functional dopamine neurons. These data underline the need to transplant cells that are capable of efficiently forming the specific lineage needed in situ. Taking cells developed from ESCs for type I diabetes as an example, it has been argued that, for establishing long-term function, progenitors of the insulin-secreting β -islet cells are preferable than β -islet cells themselves 83 ; yet others prefer the mature insulinsecreting β -islet cell type 84 . Cell maturity should thus contribute to the design of manufacturing for cell therapies. It is unclear how well the entire cell population should be confined to a particular stage of maturity for clinical function because it is often difficult to hold cells specifically in particular differentiation states.
In the case of cell products used for targeting cancer cells or infected cells, these may be autologous or allogeneic and can also be genetically engineered to include chimeric antigen receptors (CARs) targeting tumour antigens 85 . This includes immune T cells or natural killer (NK) cells, but they may also be produced together with a variety of other immune cells that have different phenotypes and function 86 . In patients, CAR-T cells function for about 3-8 weeks. It is unknown if immune-cell heterogeneity for CAR-T cells contributes to lack of reproducibility in patients, but it is probably desirable to transplant genetically transduced effector or memory T cells only.
Because of the lack of a complete human immune system in animal models, extrapolating efficacy parameters from animal models is problematic. Indeed, cell therapies may succeed in an animal model but the same cells may provide little benefit or no benefit in clinical studies (and vice versa). These disparities raise concerns about cell manufacture and the final release criteria for the identity, purity and potency of the cell product. An example concerns the lack of reproducibility of transplants of fetal neural stem cells for spinal-cord repair in humans 87 . The cells may not have been equivalent to those in earlier preclinical studies, or the animal model used wasn't ideal for predicting human benefit. Clinical benefit in patients occurred up to 9 months after cell transplantation, but was lost after 12 months perhaps owing to a delayed immune response that rejected the allogeneic transplant. Further complications for outcomes can arise when combining cells with biomaterials, which ) and multiplied as dopaminergic precursors capable of the efficient production of dopaminesecreting neurons. The differentiation protocol needs to be robust and capable of being adapted for the large-scale manufacturing of a cell product that can be defined and whose biological activity is determined by dose. Product-release criteria need to be developed in order to provide consistency of function for the dose of cells to be transplanted. The selection of the cells expressing markers consistent with the ventral neural floor plate is critical for obtaining highly functioning dopamine neurons. The ability of the cells to populate the putamen and striatum and integrate into the host neural networks to produce dopamine as required is also essential. Tests for dopamine response in transplanted cells are necessary, as are for the correction of PD behavioural abnormalities (such as rotational motions). The safety and efficacy of neural transplants in the brain usually requires confirmation in a nonhuman primate PD model because rodents may insufficiently represent the human PD condition. Shown are the potential numbers of animals involved in the required preclinical studies. The target product profile and release criteria need to be developed from robust and repeatable data derived from the biological, molecular, immune and functional properties of the cells (including genomic integrity and freedom from oncogenic mutation) if the cell population is to be used for clinical trials.
can assist cells to remain and develop in specific sites, usually for regenerative purposes 88 . The biomaterials may impart different characteristics and properties to the cell product and may thus further affect clinical outcomes.
Well-defined cell-quality attributes are needed to reach agreement on how to improve confidence in the clinical benefits of cell therapies. Cell products should include standards for the cells, potential impurities and the characteristics of the suspension medium: composition of the cell population, potential adventitious agents and biological/non-biological impurities, and biological and non-biological media components. A third tier of standards for user-defined cell populations may include viability, morphology and cell-surface markers. The Foundation for the Accreditation of Cellular Therapies (FACT; http://www.factwebsite.org) defined common standards for cellular therapy that include quality management for clinical processes and documentation; still, it doesn't yet address many of the quality issues affecting reproducibility.
replication studies and translational successes
To our knowledge there is no systematic empirical study that has assessed what proportion of preclinical studies in nanomedicine or cell therapy have had attempts at replication, and how many of those have failed. Such systematic empirical evaluations on a sample of preclinical investigations may be useful to set an empirical level about the reproducibility status of these fields, as has been done also in other disciplines. Similarly, there is no systematic assessment of what proportion of the initial discoveries in these fields have reached the stage of human trials and what proportion has been successful (that is, licensed). However, given the vast amount of work done in these fields and the relative dearth of high-profile clinical applications, it is highly probable that the translation rate is low; certainly, there is plenty of room for improvement. In fact, a comprehensive account of cancer-nanomedicine products approved by the United States Food and Drug Administration (FDA) lists 14 products and another 35 that are in different phases of clinical trials for cancer therapy 50 . And Table 3 provides a list of the currently market-approved cell therapies (excluding umbilical cord blood products). Only 8 such therapies have received approval to date by the FDA, and another 4 have received approval from the European Medicines Agency (EMA), despite extensive preclinical work and many early clinical trials on cell therapies 89 . Box 1 provides a guiding checklist for translational studies in both nanomedicine and in cell therapy. There are clear parallels in both fields as well as some aspects that are topic-specific. Common threads are the optimization of technical facets, the relevance of the models used, data transparency and sharing, and the optimization of the study design and statistical methods.
moving forward in nanomedicine
In nanomedicine, maximizing the translational potential of preclinical studies should involve improved reproducibility of the synthesis of nanomaterials, the assessment of their biological effects, proper study design, and enhanced datatransparency and data sharing.
Reproducible synthesis and manufacturing. At the most fundamental level, more controllable and reproducible methods for the synthesis of nanomaterials for biomedical applications are still needed. Compared with bulk-synthesis techniques that largely rely on solution-based chemistry, high-precision microfluidic and micropatterning techniques for the production of highly monodisperse nanoparticles with uniform physicochemical properties and greatly reduced batch-to-batch variability are rapidly gaining attention 90, 91 . In addition, the continued development and scalingup of the manufacturing of nanomaterial products that meet prespecified quality standards is needed 92 . Multiple companies have already produced nanomedicine products that have resulted in clinical trials, providing further evidence that tackling the issues of GMP is feasible, at least for simple nanomedicine formulations such as PEGylated-proteins or liposomes (that is, functionalized with poly(ethylene) glycol; PEG) incorporating specific active pharmaceutical ingredients that are aimed to achieve desired pharmacokinetic and pharmacodynamics properties. However, as nanomedicine design becomes increasingly complex to accomplish a wider range of functional specifications, new manufacturing processes will be required to ensure successful transition for clinical testing.
Evaluation of biological effects. The field of nanomedicine is beginning to adopt changes in how the biological effects of nanomaterials are evaluated and subsequently validated. More in-depth analyses of the biological mechanisms involved in the biological activities of nanomedicines, rather than just proof-of-principle demonstrations, are however needed. This transition is not easy, as it typically requires in-depth understanding of chemistry, nanoscience, biology, drug delivery, immunology and imaging. Critically, an improved understanding of complex biological mechanisms will help the reproducibility of the results. Better model systems for evaluating the biological activities of nanomaterials are also emerging. Unlike simple two-dimensional cell cultures, the development of biomimetic organ-on-a-chip and tissue-on-a-chip systems may enable researchers to more accurately predict the behaviour of nanomedicines in a controlled setting by considering cell-cell interactions, interstitial flow and nanoparticle transport in three dimensions 93, 94 . The availability of these systems allows for increased accuracy in the selection of nanomedicine candidates for in vivo testing. Nanomedicine will also benefit from more relevant animal models. For cancer-nanomedicine studies, xenograft human tumour models in immune-deficient mice are beginning to be replaced by PDX and genetically engineered mouse models to study nanomedicine actions in more clinically relevant settings. Similarly, mice reconstituted with a functional human immune system (humanized mice) can be used for studying the therapeutic effects of nanomedicines against autoimmune diseases such as diabetes, or to harbour patient-derived tumours for preclinical testing of cancer immune nanomedicines 95 .
Data transparency and sharing of resources. An on-going effort to promote data transparency and to improve experimental reproducibility is the establishment of freely accessible databases with detailed experimental protocols and data on the biological responses to nanomaterials according to their specific physicochemical properties. A cancer-nanomedicine repository (http://inbs.med.utoronto. ca/cgi-bin/Repository.cgi) spearheaded by the University of Toronto enables researchers to share their own experimental data, and has allowed for the determination of the delivery efficiency of specific nanomaterials into tumours 46 . Multiple other initiatives have also been launched to make specific experimental protocols and raw experimental data publicly accessible, and to drive the direct deposition of primary data at the point of collection 91 . One main criterion for any open-access database, however, is that the shared data must be screened and validated. Such curation requires a major investment, typically attainable only through cooperative consortia.
Study design and statistical analyses. An often-overlooked aspect in nanomedicine studies is the robustness of the statistical design of the experiments and of the analyses of the data. It is important that proficiency in statistics is available in the research team, and that proper statistical design for each experiment is carefully thought out before experimentation begins. Questions that may need to be asked are: what is the most appropriate primary objective and which are the endpoints of the study? What statistical power is acceptable?
What is the sample size needed to achieve that power? Are the statistical methods used for data analyses appropriate, and are proper actions taken to adjust for potential confounders or to correct for multiple comparisons?
moving forward in cell therapy
In cell therapy, maximizing the translational potential of preclinical studies should involve proper study design, improved standards for cell preparation and screening, and improved animal models of human disease. Preclinical developments that have led to registered cell products might serve as a guide.
Study design and statistical analyses. Given the cell variability inherent in cell therapies, studies must be adequately powered and include the necessary controls. 'Clustergrams' (graphs for visualizing hierarchical and non-hierarchical cluster analyses) enable the visualization of biomarker and transcriptional data patterns 70 . Cell selection based on function potential is essential for the repeatability of outcomes in vitro and in vivo. With large datasets, it is difficult to design preclinical studies without statistical input to address the influence of multiple factors and their interactions on signalling-pathway analyses. Many models have continuousresponse variables associated with achieving the desired therapeutic correction; these require ordinal regression models for predicting cumulative probability outcomes 96 . In addition, some statistical models allow for the prediction of optimal therapy parameters by using time-course experimental data and statistical analyses for identifying robust and optimal treatment protocols (see ref. 97 for a proof of concept). These methods enhance the repeatability of cell-therapy experiments and should be considered in experimental study design.
Improving standards for cell preparation and screening. Standards have been proposed but need to be agreed by all for cell source and quality, including age of donor, process of cell production and of screening for therapeutic purposes, cell viability, cell pluripotency, DNA mutations, chromatin deletions, chromosomal rearrangements (particularly in oncogenes), cell-surfacemarker antigen expression, functional capacity in vitro 98 , stage of maturity and homology, absence of viruses and other potential immunogens, and bioequivalence in repeated production lines. Equivalences against established industry standards (such as those for immune effector cells) 99 for similar preparations in academic laboratories, in companies and in clinics are needed. Product profiles need to provide details against these standards. At present, there is little consensus on processing and manufacturing standards 100 , on cryopreservation 101 and on the degree of heterogeneity of the cell population that is acceptable 102 . Unless these standards evolve, the reproducibility levels of cell therapies will likely remain suboptimal.
Drawing from experience and knowledge in the development of the few registered cell products. Studies that have developed limbal cells to a registered product for patients with limbal-stemcell deficiency can provide a useful roadmap for other cell therapies. This is an autologous cell therapy involving the selection and surgical collection of viable limbal cells that exist in the eyes of a patient, expansion of the cells in vitro and the return of the cells as a monolayer on a scaffold. Data were repeatable and consistently high efficacy in vitro and in animal models was obtained. One year after autologous cell grafting, the cells were 80% successful or partially successful; three years later 68% were judged to be successful 103 . These are robust data that encourage widespread clinical adoption. For allogeneic therapy, cells are taken surgically from compatible donors and expanded in vitro and transplanted with some local immune suppression. The recent approval by the FDA of CAR-T cell therapy for patients 25 years or younger is a product that is effective for B-cell (CD19) acute lymphoblastic leukaemia (~80% clearance rate of cancers) 104 , but is expensive and has dangerous side effects (cytokine release syndrome and neurological symptoms). The high efficacy has been critical for the rapid adoption and registration of these CD19 CAR-T cells, but there has been some considerable variation in patient response and some serious neurological side-effects of the treatments that could not have been predicted from animal studies (rodents) 105 . Predicting the reproducibility of cancer treatments even by experts has not always been accurate 106 . Matching the patient to the cell capability is central. CAR-T cells with the same antibody have been less successful and less reproducible for other B-cell tumours (such as chronic lymphoblastic leukaemia) and for other antibodies and solid tumours 107 . The lack of reproducibility may indicate a mismatch of the CAR-T antibody design and tumour recognition or access, or may result from yet unknown factors.
Cell products tend to evolve from laboratories and be adopted by companies, with little reference to other similar or different cell products. Mistakes are often repeated. To try and avoid the repetition or errors and the associated costs, some institutions have merged their common experiences (notable examples are California's Alpha Stem Cell Clinics, supported by the California Institute for Regenerative Medicine 108, 109 , the UK Catapult Program in Cell Therapies and the Ontario Institute for Regenerative Medicine). These organizations claim to have improved time-toclinical-trial and the reproducibility of cell products, but empirical data to this effect have not been published.
Data sharing between major pharmaceutical companies can accelerate clinical drug development 110 but there isn't any evidence of this happening in cell therapies (although there are numerous publications about progress in data sharing for immune cell therapies) 111, 112 . The commercialization process does not favour data sharing because of intellectual-property issues; this suggests that standards that have failed to evolve can underpin clinical reproducibility.
Box 2 | Two examples of translational trajectories
An antibody-drug conjugate for cancer treatment: trastuzumab emtansine. Early cancer nanomedicines approved by the FDA for treating human cancers (such as Abraxane and Doxil) were relatively simple formulations designed to provide more favourable pharmacokinetic properties to the attached drug. Recently, the development of cancer nanomedicines has expanded on this concept, with the goal of improving therapeutic potency of an existing drug, or to achieve new therapeutic efficacy by combining components that are individually ineffective. Trastuzumab emtansine (T-DM1, marketed as Kadcyla) is an example of this design concept. It is a drug conjugate that links, via a thioether linker, an antihuman epidermal growth factor receptor-2 (HER2) monoclonal antibody with mertansine (also called DM1), a cytotoxin that inhibits the assembly of microtubules. In a phase-III randomized clinical trial, T-DM1 improved both progression-free survival and overall survival, with respect to second-line chemotherapy or other HER2-directed therapies, in patients with unresectable, locally advanced or metastatic HER2-positive breast cancer who were previously treated with trastuzumab and taxane chemotherapy 115 . The development of T-DM1 was based on the urgent and critical unmet clinical need for treating HER2-positive breast cancer patients whose cancer progressed on trastuzumab (Herceptin) or lapatinib therapy. With this clearly defined objective, early preclinical studies on the antibody-drug conjugate focused on the identification of the ideal linker for enabling optimal release of the drug in targeted cells, with minimal cross-contamination into surrounding tissues 116, 117 . Similarly, efficacy studies examining the antitumour activities of T-DM1 were conducted in experimental models refractory to trastuzumab and lapatinib treatments, with elucidation of the molecular processes involved in the cytotoxic effect of the drug 117 . The preclinical efficacy studies were conducted in a way that mirrored their clinical experimental design. With additional preclinical and pharmacological assessments completed, the initial clinical evaluation was conducted in a dose-escalation phase-I trial in patients with HER2-positive metastatic breast cancer who were previously treated with trastuzumab, which ultimately identified the optimal dose regimen of T-DM1, for further clinical development 118 . The successful development of T-DM1 was initiated with a clearly defined objective that focused on a specific clinical scenario, with preclinical experiments designed to achieve the endpoints that would provide a strong rationale for initiating an early-phase clinical trial.
A therapeutic cellular vaccine: sipuleucel-T. The prostate-cancer cellular vaccine sipuleucel-T (marketed by Dendreon as Provenge) was developed by using the specific tumour target prostatic acid phosphatase (PAP), which is expressed in 95% of prostate tumours, fused to granulocyte macrophage colony stimulating factor (GM-CSF), which stimulates dendritic cell (DC) activation. Studies in rodent models of prostate cancer had shown statistically significant and repeatable tumour inhibition in the Dunning rat model and in a transgenic mouse model of prostate cancer using an irradiated tumour-cell vaccine expressing PAP-GM-CSF 119, 120 . These preclinical data, which were in agreement, set the opportunity for clinical trials of antigen-presenting DCs harvested from patients with prostate cancer. The DCs are isolated by leukapheresis and sent to a central laboratory facility for their transduction of the immunogen, and then returned to the patient to activate and stimulate T-cell-mediated tumour killing. The early clinical trials showed some transient side effects, evidence of immunological response, and in some patients, lowered the tumour marker prostate-specific antigen; however, few patients experienced tumour regression. Randomized phase-III trials showed no delay in time to disease regression, but a three-year follow up reported a 4.5-month survival benefit compared with the placebo group 121, 122 . Yet there were criticisms regarding data pooled from separate independent studies and the possible lack of equivalence of baseline disease states in these studies. There were doubts also about the magnitude of clinical benefit, and discordance about the results for different endpoints. Even though sipuleucel-T was licensed, Dendreon filed for bankruptcy five years after obtaining FDA approval for the drug. This case shows how a translational effort that reached fruition for an important clinical indication failed in part [123] [124] [125] [126] . Sipuleucel-T was marketed at high prices, and met delays and negative decisions for reimbursement. The criticism of the cost-benefit of Provenge therapy was further anchored in the relatively limited magnitude of benefit and in concerns about the management of the therapy (leukapheresis procedure, therapeutic window and manufacturing variances, in particular) and about its high cost (~US$100,000 per treatment). In retrospect, the earlier concerns about the major response difference between the rodent models used and the autologous human therapy (lack of exactness of model and between-species variations) should have been seriously considered, in particular because they were reinforced by the lack of sufficient and consistent efficacy in the clinical trials.
Improving animal and in vitro models of human disease. Many animal models do not represent the human condition sufficiently to be used for reliable predictions of efficacy in human patients. The absence of a competent human immune system can make animal studies inadequate for genuine safety issues. Treatments for autoimmune diseases, such as type 1 diabetes or multiple sclerosis, are difficult to model in a predictable way. In many cases, there is no reliable animal model because the mechanism of the disease is unknown or the condition cannot be replicated in animals. There is a real need to improve animal models and to further develop in vitro models, in particular by using organoids 113 and microphysiological systems 114 .
case studies
In trying to improve the translational efficiency of both nanomedicine and cell therapies, one can also learn by examining past case studies where interventions moved, with variable success, from the bench to licensed clinical use. Box 2 describes two case studies of the translational trajectories for trastuzumab emtansine (an antibody-drug conjugate) and sipuleucel-T (a cell-therapy product). These cases illustrate that the preclinical phase can be instrumental in determining the subsequent clinical success of the intervention.
outlook
To our knowledge, a systematic assessment of whether successful translational efforts in nanomedicine or cell therapy (or in other bench-discovery fields) were linked to particularly pristine and meticulously executed preclinical studies has not been carried out. With more attention to high-quality study design and optimal research practices, it is possible that the rate of clinical translation would have been higher. Conformity to better research-practice criteria should not be a doctrinaire impediment to scientific work, but a facilitator of efficient clinical translation. Nevertheless, expectations need to be tempered by realism. Not all of the items in the checklist for improving the translational potential of preclinical studies in nanomedicine and cell therapy (Box 1) will be equally easy to tackle in all settings and for all types of translational effort. Improving some fundamental processes in the way research is done in these fields may have a greater impact than circumscribed technical advances. Coordination of efforts for teamwork and standardization and the use of minimal acceptable standards may further accelerate the pace of translatable discoveries. The use of optimal study designs and statistical analyses should be a relatively straightforward fix in theory, since the methods are already available and they are simply underused or ignored. In practice, it is unlikely that all research efforts in these fields will use optimal designs and analyses, yet even if only an increasing fraction adopts such practices, there will be a clear gain. Transparency and sharing may require appropriate resources and, ideally, some centralized efforts that are supported by funders, research institutions and other research stakeholders. Once design, statistical analyses and sharing practices have been optimized, research communities can focus on reaping the benefits from improving technical facets and the relevance of the experimental models used, towards obtaining the best possible biological evidence.
